Enjoying great safety, high power, and high energy densities, allsolid-state batteries play a key role in the next generation energy storage devices. However, their development is limited by the lack of solid electrolyte materials that can reach the practically useful conductivities of 10 −2 S/cm at room temperature (RT). Here, by exploring a set of lithium-rich antiperovskites composed of cluster ions, we report a lithium superionic conductor, Li 3 SBF 4 , that has an estimated 3D RT conductivity of 10 −2 S/cm, a low activation energy of 0.210 eV, a giant band gap of 8.5 eV, a small formation energy, a high melting point, and desired mechanical properties. A mixed phase of the material, Li 3 S(BF 4 ) 0.5 Cl 0.5 , with the same simple crystal structure exhibits an RT conductivity as high as 10 −1 S/cm and a low activation energy of 0.176 eV. The high ionic conductivity of the crystals is enabled by the thermal-excited vibrational modes of the cluster ions and the large channel size created by mixing the large cluster ion with the small elementary ion.
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lithium superionic conductor | antiperovskite | cluster | quasirigid unit modes | all-solid-state battery F rom cell phone to artificial heart and from electric vehicle to satellites, batteries have become an indispensable technology in our modern society. Compared with the current batteries with liquid electrolytes, batteries with solid electrolytes hold the promise of greater safety, higher power, and higher energy densities. However, development of the all-solid-state batteries is limited by the relatively low conductivity of the solid electrolyte materials. Most families of the superionic conductors have an activation energy in the range of 0.3-0.6 eV and exhibit ionic conductivities of the order of 10 −4 -10 −3 S/cm at room temperature (RT) (1) (2) (3) (4) (5) (6) (7) (8) . However, a typical organic liquid electrolyte (9) or a gel electrolyte (10) in practical batteries has an RT conductivity around 10 −2 S/cm. Attaining an Li + conductivity over 10 −3 S/cm in the solid state is particularly challenging (1) , and it is highly desirable to develop superionic conductors that exhibit 3D RT Li + conductivities over 10 −2 S/cm and activation energies smaller than 0.25 eV. Very few lithium solid electrolytes can reach an RT conductivity of 10 −2 S/cm. These include Li 7 P 3 S 11 (1.7 × 10 −2 S/cm), with an activation energy of 0.18 eV (11, 12) , and the LGPS materials [i.e., Li 3.25 Ge 0.25 P 0.75 S 4 (2.2 × 10 −3 S/cm) (13) and Li 10 GeP 2 S 12 (1.2 × 10 −2 S/cm) (14) ], with activation energies of 0.22-0.25 eV (14, 15) . In addition, Li 7 P 3 S 11 has issues of chemical stability (16) , while the LGPS materials only show a 1D conduction pathway (along the c-axis) and contain expensive Germanium, making these materials not ideal for practical applications (17, 18) . In 2016, a chlorine-doped system, Li 9.54 Si 1.74 P 1.44 S 11.7 Cl 0.3 , with the LGPS crystal structure was discovered, which has an activation energy similar to that of LGPS and sets the record of RT Li + conductivity to 2.5 × 10 −2 S/cm for a crystalline system (18) . Most recently, Braga et al. (19) (20) (21) (22) have synthesized A 3−2 × 0.005 Ba 0.005 OCl (A = Li or Na) glass based on the antiperovskite Li 3 OCl and showed that it is an advanced superionic conductor with RT conductivity >10 −2 S/cm and activation energy as low as 0.06 eV. The mechanism for the glass to have such a low activation energy is quite different from the conduction mechanism of crystalline systems. The extremely low activation energy is accompanied by large dielectric constant of the material (22) . Because of the amorphous state of the glass, there exist some dipole-rich clusters [e.g., AO
− and A 2 O (A = Li or Na)] that can rotate and coalesce (22) . These clusters may even condense to form negative chain segments, which would significantly reduce the bonding and the activation energy of A + inside the material (22) . We studied a Ba-doped crystalline model of antiperovskite Li 3 OCl and found that Ba doping will reduce the melting point of the crystal and introduce strain inside the material. This, in turn, would significantly reduce the Li + activation energy (23) , resulting in an estimated RT conductivity >10 −2 S/cm according to the Arrhenius model (SI Methods). More details of this study are given in SI Methods and Fig. S1 .
Here, by exploring a set of lithium-rich antiperovskites (LRAPs) composed of cluster ions (Li ), we report crystalline materials that have estimated RT conductivity of 10 −2 S/cm and activation energies around 0.2 eV. We coin the term "super-LRAP" for these materials, because they are composed of the cluster cations and cluster anions, which are known as superalkalis and superhalogens, respectively. The superalkalis have ionization potentials (IPs) smaller than those of alkali elements, and the superhalogens have vertical detachment energy (VDE) larger than that of halogen elements. We show that a lithium superionic conductor Li 3 SBF 4 with a simple crystal structure has an estimated RT conductivity of 10 −2 S/cm and an activation energy of 0.210 eV. The material also exhibits a giant band gap around 8.5 eV, a high melting point over 600 K, a small formation energy less than 40 meV per atom, and favorable mechanical properties. By partially replacing the superhalogen ion BF 4 − with chlorine, the mixed phase material, Li 3 S(BF 4 ) 0.5 Cl 0.5 , shows a stellar conductivity over 10 −1 S/cm at RT and an activation energy as low as 0.176 eV.
The discovery of the super-LRAP is guided by the recently synthesized LRAP Li 3 OA (A = halogen). these conductors exhibit improved properties from A = I to Cl, with Li 3 OCl showing the highest Li + conductivity at RT (0.85 × 10 −3 S/cm), the lowest activation energy of 0.303 eV, and the largest band gap of about 5 eV among the series (24) (25) (26) (27) . In the halogen group, Cl provides the optimal radius ratio against oxygen and lithium. Consequently, the stabilized antiperovskite structure of Li 3 OCl possesses the largest channel size, defined as the available space for Li + to migrate, among the group elements. These results are shown in Table 1 . The valence band maximum (VBM) of Li 3 OA (A = halogen) corresponds to the valence orbital of the halogen. Among all of the halogen elements, chlorine has the highest VDE-defined as the energy needed to remove an electron from Cl − . This suggests that the valence orbital of chlorine and hence, the VBM of Li 3 OCl are at the lowest energy in the group, causing Li 3 OCl to have the largest band gap. Based on these arguments, if some "super" halogens having higher VDE than that of chlorine could exist beyond the limitation of periodic table, the antiperovskites stabilized by these super halogens should have larger band gaps than that of Li 3 OCl. Since the band gap provides an upper limit of the electrochemical stability window (ESW) (17) , larger band gap is preferred for a solid electrolyte. Moreover, by finding a super halogen with the right ionic radius, larger channel size and higher ionic conductivity compared with Li 3 OCl may also be achieved.
In fact, cluster ions that show higher VDE than chlorine are called superhalogens and have already been known (28) . It was suggested by Gutsev and Boldyrev (29) nearly 35 years ago that one could create a cluster of atoms by varying its composition and size, such that its VDE is higher than that of any halogen atom. The authors also showed that clusters called superalkalis could be similarly created with IPs that are lower than those of alkali atoms (30) . Later, Khanna and Jena (31) showed that, in general, it is possible to design clusters to mimic the chemistry of elements in the periodic table, and they coined the term "superatoms" for these clusters. Thus, superhalogens and superalkalis belong to a subgroup of superatoms. The superhalogen ion BH 4 − with four hydrogen atoms tetrahedrally bonded to one boron is a good example. We note that, experimentally, BH 4 − has been used to synthesize new metal salts, Na 3 BH 4 B 12 H 12 and (Li 0.7 Na 0.3 ) 3 BH 4 B 12 H 12 , which exhibit superionic conductivities of the order of 10 −4 S/cm at RT (32) . BH 4 − has also been used in recent experiments to create more than 30 new hydride-based perovskites by replacing halogens (33) . In addition, new organic-inorganic hybrid perovskites for solar cell and photoluminescent applications have been designed by replacing halogens with BH 4 − (34-36). Most recently, we have initiated the study of using BH 4 − to make new LRAPs (37) . Given that BH 4 − has a very similar ionic radius as Br − (34), the superhalogen can indeed stabilize the antiperovskite structure to make Li 3 OBH 4 , which turns out to be a lithium superionic conductor with an RT conductivity similar to that of Li 3 OCl (37 − . According to a simple geometric consideration, the Goldschmidt tolerance factor for the antiperovskite Li 3 OX is given as
where r A is the ionic radius of oxygen, r B is the radius of X, and r C is the radius of lithium ion. − generating a tolerance factor closer to those of Li 3 OA (A = halogen). This suggests the high ability of BF 4 − to stabilize the structure. Indeed, studies of the phonon spectra ( To show further the strong interaction between lithium and oxygen in these clusters, we considered a 1D chain of Li 3 O. As shown in Fig. S4 , the periodic nanowire is latticedynamically stable. The eigenvector of the highest mode (∼22 THz) at Γ point corresponds to spring-like compression and elongation − (X = AlH 4 , BH 4 , BF 4 ) as ionic crystals of alkali halides (e.g., CsCl). This analogy suggests that the larger the VDE of the superhalogen X, the larger the band gap of (Li 3 S/O) + X − . Recall that the band gap of alkali halides is determined by the bonding ionicity, which can be measured by the value of the VDE of (super)halogen minus the IP of (super)alkali (34) .
As shown in Table 1 , since BF 4 − has the largest VDE and hence, the largest bonding ionicity with Li 3 S + , (Li 3 S)(BF 4 ) crystal is expected to have the largest band gap among the studied materials. Indeed, the electronic density of states (DoS) of Li 3 SBF 4 in Fig. 1C, calculated using Thermal stability of the super-LRAP, including Li 3 SAlH 4 , Li 3 OBH 4 , and Li 3 SBF 4 , is tested by MD simulations at constant temperature and pressure. The radial distribution functions are calculated using the MD trajectory data collected over 100 ps. As shown in Fig. 1D for Li 3 SBF 4 , no melting is observed up to 600 K. The calculated linear thermal expansion coefficient of Li 3 SBF 4 from the MD data is 1.6 × 10 The magnitude of Li + conductivity of the (super)-LRAP may be indicated by the channel size (i.e., the space available for Li + to migrate inside the material). By considering the volume of the unit cell and the volume of the ions inside, we calculated the channel size for each material as shown in Table 1 . Li 3 OCl has a larger channel size than Li 3 OBr, which is consistent with the experimentally observed higher Li + conductivity of the former compared with the latter. Li 3 SBF 4 provides a much larger channel size compared with the rest, which may be caused by the highly negative charge distributed on each F (−1.9e) of BF 4 − compared with the charge on each H (−0.8e) of AlH 4 − and on each H (−0.6e) of BH 4 − , making more room between sulfur and BF 4 − in the crystal to reduce the repulsion. In addition, the interaction between sulfur and Li + is known to be significantly lower than that between oxygen and Li + (17) . All of these results suggest that Li 3 SBF 4 should exhibit a much higher Li + ion conductivity than the other materials.
From the studies of Li 3 OA (A = halogen) (25) and Li 3 OBH 4 (37), we understand that the Li + conductivity in the super-LRAP is triggered by the Li + vacancy defect and is correlated to the translational and rotational modes of the superhalogen ions. On thermal excitation, these modes can constantly change the orientations of the superhalogen tetrahedra from their C 3v ground-state symmetry, as shown in Fig. 1A . This, in turn, generates a shifting and varying potential surface throughout the crystal, which can then facilitate fast ion migration of Li + between different sites. For Li 3 SBF 4 , these are shown in a modeled system in Fig. 2A Fig. 2A by comparing the potential curves 1 and 2. To quantify the relation between the motions of the four BF 4 − units and the potential surface created by them at the Li + site, we calculated the dipole plus quadrupole terms of the potential according to different orientational symmetries of BF 4 − (SI Methods). As shown in Fig. 2B , the orientation with C 3v symmetry generates the lowest potential of −10 −2 V, while the other high-symmetry orientations generate practically zero dipole plus quadrupole terms. In each case, the varying magnitude of the potential surface in an area of 1.0 × 1.0 Å around the Li + site shows the effect of the translational motions of the BF 4 − units. The vibrational modes involving the translations and rotations of the superhalogen ion as a "rigid" body are more important, since any large distortion of the superhalogen itself will make the modes high in energy, making them less relevant to the conductive property at RT and medium temperatures. One way to pinpoint the important modes originating from motions of the superhalogen ion with zero or small distortion is to find out the socalled quasirigid unit modes (q-RUMs) by mapping the latticedynamic eigenvectors of a model system with the superhalogens as rigid bodies onto the real phonon eigenvectors of the material (39) (SI Methods). The vibrational modes are colored according to how much they look like a rigid unit mode. For example, a red color indicates that the superhalogen ions vibrate as completely rigid units, while a white color indicates large distortion inside the superhalogens. These are shown in the colored phonon spectra of Li 3 SBF 4 and Li 3 OBH 4 in Fig. 1B . It is found that all of the q-RUMs are in the range of 2.5-10 THz for Li 3 SBF 4 and 5.0-25 THz for Li 3 OBH 4 . According to the conduction mechanism of super-LRAP discussed before, at certain temperature, as more of the q-RUMs (translational and rotational modes of the superhalogen units) are thermally excited, higher numbers of favorable potential profiles for Li + to migrate will be present, and more Li + will pass through per unit area per unit time. This will result in a higher diffusion coefficient given a certain gradient of the Li + concentration. In other words, the Li + conductivity at certain temperatures should be proportional to the diffusion coefficient and therefore, proportional to the number of excited q-RUMs at that temperature. In a simple Einstein model, the mean phonon occupation number at temperature T is
where ω E is the Einstein frequency, which should serve as a characteristic frequency of the q-RUMs here. Thus, we can compute the ratio between the mean phonon occupation number of Li 3 SBF 4 (LSBF) and that of Li 3 OBH 4 (LOBH) at temperature T as
where the coefficient c is the ratio between the Einstein frequency of Li 3 SBF 4 and that of Li 3 OBH 4 . Here, we do not know the exact value of the Einstein frequency ω E . However, with knowledge of the energy range of the q-RUMs of Li 3 SBF 4 (2.5-10 THz) vs. that of Li 3 OBH 4 (10-25 THz), we can estimate a range of ratio r according to Eq. 3 by assuming a lower limit of the coefficient c = 2.5/25 = 1/10 and an upper limit of c = 2.5/ 5.0 = 1/2. The resulting range of r at RT (300 K ∼ 25 meV) for Zω E = 37-100 meV (ω E ∼ 9-25 THz) is shown by the shaded area in Fig. 1E . According to the previous discussions, r should measure the ratio between the Li + conductivity of Li 3 SBF 4 and that of Li 3 OBH 4 at RT. Thus, as indicated by Fig. 1E , it is predicted that Li 3 SBF 4 will exhibit a much higher RT conductivity-from several (∼3) up to over 100 times higher than those of Li 3 OBH 4 and Li 3 OCl [since Li 3 OBH 4 shows a similar ionic conductivity with Li 3 OCl (37)].
Both the calculated channel size and the study of q-RUMs of the materials suggest that Li 3 SBF 4 should have a much higher S/cm of Li 3 OCl with the same theoretical method, the calculated activation energy of Li 3 SBF 4 is 0.210 eV, and its RT conductivity is 0.14 × 10 −2 S/cm-about 12 times higher, which falls well within our predicted range in Fig. 1E . It is known that the absolute value of the calculated conductivity will be significantly underestimated by the theoretical method here because of the fixed volume in the MD simulations (25) . However, such method can reproduce the correct activation energy and the right ratio between the conductivities of materials (25) . Given that the experimentally observed RT conductivity of Li 3 OCl is 0.85 × 10 −3 S/cm (24, 25) , it is expected that Li 3 SBF 4 can reach an RT conductivity of 1.0 × 10 −2 S/cm (12 times of 0.85 × 10 −3 S/cm)-a value the same as that of the organic liquid electrolyte used in practical batteries (9) . This 3D superionic conductivity is shown in Movie S2, a movie made from the MD data (at 550 K). The low activation energy (0.210 eV) of Li 3 SBF 4 enables very high ionic conductivities at low temperatures, which is considered to be an advantage of solid electrolytes over the liquid ones (14, 18) . At −30°C (∼243 K), for example, the conductivity of Li 3 SBF 4 is still about 1.7 times the RT conductivity of Li 3 OCl, suggesting a value over 10 −3 S/cm. This allows batteries to still operate at very low temperatures (14) . At high temperatures, below the melting point (for instance, 500 K), the ionic conductivity of Li 3 SBF 4 is expected to be well above 10
It is expected that, by partially replacing BF 4 − with Cl − inside Li 3 SBF 4 to make Li 3 S(BF 4 ) 1−x Cl x (0 < x < 1), the Li + superionic conductivity may be further increased. The reason is that, by putting the elementary halogen and the large superhalogen together in the same structure, the lattice will maintain a large size to accommodate the superhalogen (BF 4 − ), resulting in large redundant space around the halogen (Cl − ) site. This will provide Li + with unusually large space to migrate in the halogen-containing cells, while keeping the original conductivity for the cells containing the superhalogens.
Indeed, in our study of Li 3 S(BF 4 ) 0.5 Cl 0.5 , as shown in Fig. 3B , the optimized volume of the mixed phase is only 5% smaller than that of the pure Li 3 SBF 4 system. The calculated channel size of the former is 69.07 Å 3 per unit cell, which is significantly higher than that of Li 3 SBF 4 (62.48 Å 3 per unit cell) and much larger than that of Li 3 OCl (31.89 Å 3 per unit cell). We further calculated the Li + conductivity of Li 3 S(BF 4 ) 0.5 Cl 0.5 using MD simulations at 450, 600, 700, 800, and 900 K. The results are shown in Fig. 3B . The calculated RT conductivity is 1.9 × 10 −2 S/cm, which is already higher than the conductivity of the organic liquid electrolytes (10) . Considering that the value is about 14 times higher than the calculated value of Li 3 SBF 4 , it is expected that the real RT conductivity of Li 3 S(BF 4 ) 0.5 Cl 0.5 could be well above 10 −1 S/cm-a value that is more than 10 times higher than that of the organic liquid electrolytes. The material also has an extremely low activation energy of 0.176 eV, which leads to a calculated conductivity of 0.38 × 10 −2 S/cm at −30°C-about 19 times higher than that of Li 3 SBF 4 (0.20 × 10 −3 S/cm). This suggests that the real conductivity of the material should be well above 10 −2 S/cm at such a low temperature.
Mechanical properties of a superionic conductor are important in making flexible all-solid-state batteries. One can extract the elastic tensors of Li 3 SBF 4 from the acoustic branches of its phonon spectrum in Fig. 1B (SI Methods). Other elastic constants of the material can be further computed using the elastic tensors (SI Methods). These values are given in Table 2 . There is a threshold for the shear modulus, above which the dendric growth of an Li metal anode can be inhibited by a solid electrolyte. This threshold is four times the shear modulus of the Li metal (40) , which is about 35 GPa. The shear modulus of Li 3 SBF 4 is 46 GPa, which is well above the threshold. Typical flexible materials often have both small Young's modulus and Poisson's ratio. The Young's modulus of Li 3 SBF 4 is 142 GPa-between the values of copper (125 GPa) and mild steel (210 GPa). The Poisson's ratio of the material υ = 0.1 is between those of carbon fiber (0.045) and aluminum (0.34). All of these results suggest that the superionic conductor Li 3 SBF 4 has the desired mechanical properties for flexible electronics.
In summary, by exploring a set of LRAPs composed of cluster ions (i.e., superalkalis and superhalogens) called super-LRAPs, we find that lithium superionic conductors Li 3 SBF 4 and Li 3 S(BF 4 ) 0.5 Cl 0.5 have the potential for ideal solid electrolytes. Li 3 SBF 4 exhibits a band gap of 8.5 eV, an RT conductivity of 10 −2 S/cm, an activation energy of 0.210 eV, a relatively small formation energy, and desired mechanical properties. Its mixed phase with halogen, Li 3 S(BF 4 ) 0.5 Cl 0.5 , exhibits an RT conductivity over 10 −1 S/cm and an activation energy of 0.176 eV. The high melting point over 44 46 Shear modulus (μ) 4 6 600 K and the low activation energy allow these materials to operate over a wide range of temperatures from below −30°C with conductivity above 10 −3 S/cm to over 300°C with conductivity well above 10 −1 S/cm. The superior properties of the materials are achieved because of the following reasons. (i) Cluster ions, called superhalogens, having higher VDE than that of chlorine can produce larger band gaps of the super-LRAP than Li 3 OCl. (ii) With proper ionic radius and proper internal charge distribution, a cluster ion can stabilize the antiperovskite structure with large channel size, which provides more space for Li + to migrate. (iii) A large channel size also produces a set of low-energy phonon modes called q-RUMs, which correspond to the translational and rotational motions of the superhalogens acting more like rigid bodies. These motions generate a constantly shifting and varying potential surface throughout the material, which then facilitates the fast ion migration of Li + ions from one site to another. (iv) Partial replacement of the large superhalogen with halogen inside the antiperovskite structure creates large redundant space around the halogen sites. This enables an unusually large channel size of the material and further improves the ionic conductivity of a super-LRAP.
